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Abstract Simulation of the in-situ combustion process is one of the most complex simulations amongst
other reservoir flow simulations. Accurate simulation of the process is critical to obtain a successful
implementation of the in-situ combustion process. Several factors impact performance of the simulation
of this process. First are all the numerical models used for different sub-processes, such as reactions,
fluid phase behavior, heat loss to surrounding formations and fluid physical properties. In the previous
numerical models of the in-situ combustion process, very simplified models were used for the phase
behavior of the fluid. Recent studies show that the fluid phase behavior model has a great effect on
the results of the simulation. In this work, a novel simulator is presented, which uses a rigorous phase
equilibriummodel for fluid phase behavior calculations. The numerical model is developed in such a way
that different models for the phenomena mentioned above can be replaced easily. The other affecting
parameter is the solution scheme of the simulator. Previous studies indicated that the more implicit the
solution scheme, the better the performance of the simulator. The presented simulator uses a full implicit
solution scheme to solve the equations. The applicability of thismethod is examined through two synthetic
reservoirs.
© 2011 Sharif University of Technology. Production and hosting by Elsevier B.V.
Open access under CC BY-NC-ND license.1. Introduction
Thermal oil recovery refers to a class of recovery processes
where heat is supplied to a reservoir to provide the necessary
expulsive energy. This thermal energy can be supplied exter-
nally as steam or hot water, or it can be generated in-situ by
forward or reverse combustion. In either case, however, ther-
mal recovery processes are characterized by the simultaneous
flow of two or three fluid phases in a temperature-varying field,
accompanied by possible chemical reaction or phase-change
effects [1].
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combustion processes is very sensitive to design parameters.
Appropriate design of an in-situ combustion process requires
a precise numerical simulator. Complicated heat and fluid flow
on one side, and complex reactions taking place in the reservoir
fluid on the other side, make simulation of in-situ combustion
processes a really great challenge [2].
Reservoir engineers are faced with multiphase flow in
applications. Further heat flow in an in-situ combustion process
is similar to a steam flooding process. Hence it is not surprising
that most previous models of in-situ combustion are quite
perfect, in terms of fluid and heat flow in the reservoir.
Examples of such models are presented by Crookston et al. [3],
Youngren [4], remarkably, Coats [5], and recent works in this
area [6–8].
On the other hand, reactions and very high sensitive at-
tributes of simulation results on phase property calculations are
exceptional features of the in-situ combustion process. Phase
property calculations may be the most time consuming part
of the simulator, based on the level of sophistication of the
fluid model. Therefore, in almost all in-situ combustion mod-
els, simplified fluidmodels are used for multiphase equilibrium
calculations to reduce the simulation run time. Investigations
indicate that the phase equilibrium model has a great effect on
reaction rates in an in-situ combustion process. Therefore, the
510 S. Khorsandi Kouhanestani et al. / Scientia Iranica, Transactions C: Chemistry and Chemical Engineering 18 (2011) 509–517Table 1: Pros and cons of two approaches.
Consider phases as separate systems Consider all phases as a single system
Advantages • Less calculations in each single iteration • Smaller number of variables
• No need to multiphase equilibrium calculations • Simpler system of equation
• Derivatives could be calculated analytically • Any multiphase calculation algorithm could be used
• System of equations form is independent of reservoir
fluid phase behavior
Disadvantages • Larger number of variables •More calculations in each single iteration
•More nonlinearity of system of equations • Performance of simulator is mainly depend on
property package performance
• System of equations will change if number of phases change
• Appearing or disappearing phases should be predicted explicitly
before each time step
• Derivatives could not be calculated analyticallyphase equilibriummodel hasmuch greater effect on simulation
results for in-situ combustion simulation in comparison with
conventional processes [9]. Simulation results could be fitted to
experimental or field data using history matchingmethods, but
clearly, simulations loses generality by oversimplification of the
fluidmodel and cannot be used properly to predict in-situ com-
bustion process results for different conditions.
In this work, a novel numerical simulator for an in-situ com-
bustion process is presented. It is fully implicit in the solu-
tion scheme, and fluid property calculations are completely
based on equations of state instead of using experimental cor-
relations. In the first part, the numerical model is discussed
and governing equations are presented. Numerical implemen-
tation of the model is discussed later. In the next section, a
Vapor–Liquid–Liquid Equilibrium (VLLE) algorithm for hydro-
carbon systems is presented. Finally, some results of a simulator
are presented and discussed.
2. Numerical model
The governing equations include material balance energy
balance and momentum balance equations. Because of low
velocities and almost no acceleration in the reservoir fluid flow,
momentum balance equation have been neglected in reservoir
simulation by almost all investigators and the Darcy flowmodel
is used to calculate flow rates.
Material balance equations should be justified for each
component inside each phase separately or for all phases
together as a single system; these two approaches are discussed
further in the following. It should be mentioned that mass
transfer between phases is too fast, with respect to the
other reservoir dynamics, and phases are assumed to be in
thermodynamic equilibrium with each other.
There are two main approaches in considering material
balance equations and equilibrium between phases. The first
is to consider all phases as a single system. In this type, there
is no sign of equilibrium calculations in the reservoir model
and only average properties of fluid phases are used in the
numerical model. The other approach is to consider each phase
as a separate system. In thismodel, thermodynamic equilibrium
equations between phases should be solved simultaneously
with balance equations. The most important feature of this
approach is that only single phase property calculations
are performed and there is no need to perform multiphase
equilibrium calculations. This approach is used by several
investigators [3,5] to simulate in-situ combustion processes. In
this work, both approaches are examined for an EoS-based fluid
model. Table 1 briefly presents the pros and cons of these two
approaches.Each of the two approaches will dictate their own system
of equations and variables. In the final implementation, the
fluid has been considered as a single system and the following
variables have been taken as primary variables:
ni,k, i = 1, 2, . . . ,Nc,
Pk, Tk, k = 1, 2, . . . ,Nb,
in which ni is the number of moles of the ith component,
P is pressure, T is temperature, Nc and Nb are the number
of mixture components and reservoir blocks, respectively.
Components should be chosen in such a way that both
reaction synthetics and phase behaviors can be predicted with
appropriate accuracy. Different numbers of components and
different reaction models have been used previously. In the
presented model, there is no constraint on the number of
reactions or components and, also, on types of reaction and fluid
model; therefore any suitable model can be used.
2.1. Component material balance equations
Based on the above discussion, the componentmass balance
for the ith component will be in the following form:
∂ρi
∂t
= −
−
j∈(G,O,W )
∇.(yi,jρpju⃗j)−
NR−
r=1
qir + qi, (1)
in which ρi is the molar density of the component, i, qir is
the rate of consumption of component i in reaction r , NR is
the number of reactions and qi is the injection flow rate of
component i, u⃗j is the velocity of phase j, yi,j is the mole fraction
of component i in phase j, and ρpj is the density of phase j. The
velocity is calculated using the Darcy equation:
u⃗j = [∆λj∆(Pj − γjz)]. (2)
Pj is the pressure of phase j, γj is the specific gravity of phase j,
and λj is defined in the following form:
λj = Kkrj
µj
. (3)
The above equation should be solved for each component
simultaneously with energy balance and other constitutive/
constraint equations. The finite differencemethod is used to es-
timate derivatives. Details of implementation of equations are
discussed in following sections.
2.2. Energy balance equation
In thermal processes, contrary to conventional processes,
temperature is not constant, so the energy balance equation
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tant forms of energy transform are considered here, i.e. heat
conduction and convection, heat generation by reactions, latent
heat, and sensible heat. The energy balance equation is in the
following form:
∂U
∂t
= ∇.(λf∇T )−
−
j∈(G,O,W )
∇.(hjρpju⃗j)
+
NR−
x=1
Hrxrx + hinjqinj, (4)
where λf is the heat conductivity, hj is the molar enthalpy of
phase j, Hrx is the heat of reaction of reaction x, hinj is the molar
enthalpy of the injected or produced fluid, and U is defined as:
U = (1− Φ)ρrUr + ΦρfluidUfluid. (5)
Indice r indicates rock properties and indice fluid indicates the
average property of fluid and solid phases. TheΦ represents the
rock porosity in fraction.
2.3. Auxiliary equation
There is another constraint to complete the system of
equations. The volume of fluid and solid phases should fill the
void volume of the reservoir rock at each point. This constraint
could be handled by the following equation:
ΦVBlock − Vfluid = 0, (6)
where Φ is rock porosity in fractions, VBlock indicates the block
bulk volume, and VFluid represents the fluid total volume inside
the block.
2.4. Fluid properties calculations
Phase properties such as saturations, viscosities and densi-
ties are required in numerical simulation of conventional reser-
voir processes. In the case of in-situ combustion processes,
simulation results are very susceptible to the composition of
phases and the phase compositions should be calculated more
accurately. Fluid property calculations have a great effect on
the run time of simulations hence on the performance of the
simulator, as well. Many investigators [1,5,9] have presented
thermodynamic models for reservoir fluid to increase both the
accuracy and speed of simulation. In this investigation, a rigor-
ous thermodynamic model for multiphase calculation is used.
Obviously, simulation is more time consuming, but results will
be less dependent on experimental data.
2.4.1. Multiphase flash calculation
A multiphase equilibrium calculation is a challenging
problem. Many investigators [10–12] have tried to generate a
robust multiphase equilibrium calculation algorithm with the
following properties; it starts independently and calculates the
number of stable phases and their compositions accurately. The
most important step in all these methods is to determine the
number of stable phases and an initial guess for the composition
of phases. In the present case, the maximum number of phases
is assumed to be four, namely, gas, oil, water and solid phases.
The solid component is assumed to precipitate immediately
after its formation, and the solid phase contains only the
solid component; therefore, the problem here is a three phase
flash calculation. Also in hydrocarbon reservoir fluid systems,
the water phase is almost pure water. In contrast, the oilphase contains almost no water. This information helps us
improve the performance of the multiphase flash algorithm by
improving the initial guess of phases. The algorithm is based
on the Bishnoi et al. work [10] with small changes towards
increasing the speed of calculations. The modified algorithm
is discussed below and is shown in Figure 1. In the original
algorithm, the first step is to establish that there are three
phases, and estimate appropriate initial values for composition
of each phase; this step has been eliminated and some steps are
added to establish the stability of phases, instead:
1. Perform an L–V isothermal flash calculation for the feed
mixture to produce a new vapor phase, V ′, and a liquid
phase, L′. In this step, L′ is assumed to be the hydrocarbon
phase.
2. If L′ is not stable, perform an L–V isothermal flash, with the
water phase as the liquid phase.
3. If themole fraction of L′ is zero, then only one phase is stable
and the algorithm is completed.
4. If the mole fraction of V ′ is zero, perform an L–L flash
calculation to complete the algorithm.
5. Perform an isothermal L–V flash calculation using V ′ as the
feed. Name the produced phases as L′′ and V ′′.
6. Define the phase L′′′ by combining the L′ and L′′.
7. Perform an L–L flash using L′′′ as the feed.
8. If L′′′ is stable the algorithm ended by performing an L–V
flash calculation using L′′′ and V ′′ as the feed.
9. Use the V ′′ and phases resulted from Step 7 as the initial
estimate to perform a three phase flash calculation and end
the algorithm is complete.
It must be mentioned that at most steps of the presented
algorithm, results of phase compositions at previous steps can
be used as initial estimates of phase compositions. This means
that calculations at each step converge very fast and need small
amounts of computation.
2.5. Numerical solution
The most important feature of thermal simulation models
is that the energy balance equation terms have a different
order of magnitude compared to other equations. Therefore,
the normalization of equations is critical to calculate solutions.
In this simulator, a quasi-Newton method is used to solve the
system of equations, and the equations are normalized using
the terms of the equation in the previous time step.
Variables of the model have different orders of magnitude
which will increase numerical error of calculations. The same
as equations, variables can be normalized based on their value
in previous time step or initial values of each time step.
Analyzing the performance of the simulator indicated that
the Jacobian matrix generation uses most of the time of the
simulator. Using the Broyden [13] method to estimate the
Jacobian matrix several times in a time step, instead of a direct
numerical calculation of the matrix, increased the speed of
simulation.
3. Implementation of equations
In the following sections, the implementation of equations
is presented. A finite difference method is used to estimate
differences, and equations are presented in such a way that
implementation of different models becomes easier. More
details of the developed simulator can be found in [14].
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Using finite differences, the material balance equation will
be in linguistic form. As can be seen in Figure 2, different parts,
such as reaction rates and flow rates, are separated from each
other. This form is used to simplify OOP implementation and
makes no difference to the equations:
flow terms+ reaction terms+ compressibility term = 0.
Each term is defined in more detail below:
compressibility term = (ni)n − (ni)n−1, (7)
reaction term =
−
m
rmsm,i × (tn − tn−1). (8)
Contrary to the simple formof the reaction term, the calculation
of reaction rates is yet a developing subject in the in-situ
combustion area [15–17]. Different models are developed by
different investigators to simulate the behavior of reactions
taking place inside a reservoir.
flow term =
−
m
qm × (tn − tn−1), (9)
in which, q could be one of two different types, well flow or
fluid flow through porous media. Using the relation below,
each component molar flow rate between two blocks in a one-
dimensional reservoir can be calculated. The same relationship
is used for the three-dimensional model:
ql,l+1,i = α

AK
µ∆x

l+1/2
−
k∈{G,O,W }
ρkzkikrk(plk − plk+1/2),
i = 1, 2, . . . ,Nc, l = block number. (10)Figure 2: The material balance control volume.
Figure 3 schematically shows the position of blocks, the flow
between them, and the inter-block transmissibility.
There are different approaches to estimate transmissibility
between two blocks, and any one of them could be used in the
presented simulator.
3.2. Energy balance equation
The relations below represent the general formof the energy
balance equation in each single block after the implication of
finite difference:
conductive heat flow+ convection heat flow
+ reaction heat generated = energy accumulation. (11)
Conductive heat flows happen inside the reservoir and also
between the reservoir formation and surrounding formations.
The heat flows through the reservoir rock and fluid. Heat that
flows between a reservoir block and the surrounding formation
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at each time step can be calculated using the equation below.
There aremore accuratemodels for the heat loss to surrounding
formations:
conductive heat flow
=
−
i
λi(Toutside − TBlock)× (tn − tn−1). (12)
Convective heat flow is the amount of energy that flows through
the reservoir by fluid flow. The enthalpy of fluid flowing
between two blocks is a weighted average of enthalpy of
phases, where the enthalpy of each phase is calculated based
on equations of state. It is possible to calculate the enthalpy of
phases based on experimental correlations.
convective heat flow =
−
i
Hi × qi, (13)
reaction heat =
−
i
(Hreacr)i × (tn − tn−1), (14)
energy accumulation =
−
i∈(rock, fluid)
Uni − Un−1i . (15)
4. Results
4.1. One-dimensional case study
To examine the presented simulator, a one-dimensional
in-situ combustion process is simulated by the presented
simulator. Simulation input data are the same as the values
presented by Crookston et al. [3]. The presented simulator
has differences with theirs, in terms of the fluid model and
solution scheme, but other assumptions and conditions are the
same. As stated previously, PR EoS [18] is used to perform
thermodynamic property calculations. For calculation of fluid
phase viscosities, correlations presented by Crookston et al. are
used. Rock property models are completely the same as those
in the Crookston et al. case, also. The mixture contains light oil
(LO), heavy oil (HO), oxygen (O2), inert gas (IG), water (W) and
coke.
Simulation results show good agreement with Crookston
et al. values, but there are some differences between the
pressures of reservoir blocks. Figure 4 shows temperature,
pressure and water saturation in the first block versus time.
Results of the simulation are very sensitive to input reservoir
model parameters, such as of fluid and rock properties,
therefore, the simulation model results can be fitted to resultsFigure 4: LO and HO K -values at 60 psi and initial composition.
Figure 5: Water K -values at 60 psi and initial composition.
presented by Crookston et al. using an appropriate history
matching algorithm. The cause of the differences is discussed
briefly in the following.
The only differences between two simulators are the fluid
property model and solution scheme. All other parameters and
assumptions are completely the same in both simulators. The
differences in K -values of hydrocarbon components, shown
in Figure 4, cause lower gas saturation in reservoir blocks,
therefore, the pressure of the injection block will increase. Also,
K -values for water are shown in Figure 5 that are very close to
each other.
The diagrams of Figure 6 represent the results of the simula-
tor for the one-dimensional case. Figure 7 represents the tem-
perature profile of reservoir blocks at different times. A steam
plateau is formed very fast and covers all parts of the reservoir
after only 30 days. The water boiling pressure at 67 psi (aver-
age reservoir pressure) is close to 300 F, and the steam plateau
temperature is close to 300 F, also.
At the combustion front, the temperature of the reservoir
increases due to the heat of reactions. Oil viscosity will reduce
as a result of this increase in temperature. Furthermore,
combustion gases push oil forward. As seen in the Figure 8,
oil moves forward in front of the combustion front and oil
saturation increases.
During the early time of the simulation, water condenses
close to the production well, and the latent heat of the
condensation of the water will increase reservoir temperature
and water saturation. By the formation of a steam plateau,
the water will not further condense and the water saturation
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Figure 7: Temperature profile in 1-D reservoir.
reduces to irreduciblewater saturation, due to theproduction of
water. Water saturations of reservoir blocks for different times
are presented in Figure 9.
As temperature increases at the combustion front, water
vaporizes andmoves toward the productionwell, therefore, the
mole fraction of water reduces very fast. As the rate of reaction
of the high temperature reactions increase, the mole fractionFigure 8: Oil Saturation profile in 1-D reservoir.
Figure 9: Water saturation profile in 1-D reservoir.
Figure 10: Water and oil components mole fraction in first block.
of heavy oil reduces and the light oil mole fraction increases
slightly. These changes in light oil, heavy oil and water mole
fractions are presented in Figure 10.
As shown in Figure 11, the oxygen mole fraction drops sud-
denlywhen the reaction rates increase. The formation of a com-
bustion front needs both high temperature and high oxygen
concentration. During early times, oxygen concentration is high
in the first block, but due to the low temperature of this block,
the reaction rates are low. As temperature increases, the oxygen
concentration controls the reaction rates.
As the temperature of blocks increases, water vaporizes
and water saturation decreases. Some fraction of the oil reacts
with oxygen, and the remaining moves forward through the
reservoir. Therefore, oil saturation reduces to a complete
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Figure 12: Change in saturation of phases in first block.
Figure 13: Temperature profile in 1-D reservoir for pressurized case.
abandonment of oil from the combustion block. Changes in
phase saturations at the first block are presented in Figure 12.
The temperature of the steam plateau depends mainly
on the water saturation temperature, which is a function of
the reservoir pressure. As reservoir pressure increases, the
temperature of the steam plateau increases correspondingly.
Because formation of the steam plateau needs more energy,
the steam plateau becomes shorter. Figure 13 represents the
temperature profile in the reservoir when the initial pressure
and the production well pressure are increased to 200 psi.
As mentioned above, the steam plateau requires more
energy as the pressure of the reservoir increases. Therefore,Figure 14: Water saturation profile for 1-D pressurized reservoir.
Figure 15: Three-dimensional reservoir.
more water condenses to provide the required energy for the
steam plateau. This phenomenon is obvious in the profile of
water saturation in a reservoir at different times, as shown in
Figure 14.
4.2. Three-dimensional case study
A three-dimensional reservoir model is used to examine
the applicability of a simulator for more complex cases. As
can be seen in Figure 15, the reservoir model is made up of a
5 × 5 × 3 grid block system. The fluids and rock properties
are the same as in the one-dimensional case, only the vertical
permeability of the rock is considered to be one tenth of
the horizontal permeability and the permeability of the one-
dimensional reservoir. Temperatures and gas saturations are
plotted on the cross section surface at different times.
Figure 16 shows temperature profiles of a reservoir on the
cross section surface at different times. Plots are not scaled
based on actual dimensions. As can be seen, the combustion
front moves through the reservoir from the injection block
toward the production block. Although vertical permeability is
much lower than horizontal permeability, the front tends to
move in an upward direction.
Figure 17 presents the gas saturation profile on the cross
section surface at different times. Gas tends to move upward
and, also, pushes oil and water away. Also, gas saturation is
lower just after the combustion front.
4.3. Program profile
Figure 18 presents the fraction of CPU time that is consumed
by different parts of the simulator. An effort is made to reduce
the run time required by the multiphase flash calculations
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the fluid property calculation part, which contains multiphase
flash calculations, takes less time compared to the solver of the
simulator. It must be mentioned that the solver is designed to
necessitate aminimumamount of calculations, but it is possible
to optimize its performance by using more efficient calculation
methods.
5. Conclusions
A full implicit scheme is used to solve the flow and energy
equations in this study. This approach makes the solver ofthe simulator more independent of the reservoir equations.
Therefore, different sub processes of in-situ combustion, such
as fluid phase behavior, heat loss to surrounding formations
and reaction rates, can be modeled by different models.
Generally, a full implicit solution scheme requires more run
time, with respect to explicit or semi implicit solutions. This
work represents that this solution approach does not affect the
applicability of the simulator.
Equations of state are widely used in reservoir flow
simulations. In this work, an equation of state is used to model
fluid phase behavior. This approach increases the range of
application of the simulator, and less PVT data are required to
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run the simulator. Fluid phase behavior is quite complicated in
in-situ combustion processes and it has a great effect on the
results of the simulation. In this study, fluid phase equilibrium
calculations are separated from other calculations, and its
positive effects are discussed in the previous sections. The
most important contribution of this approach is that any other
calculation algorithm can be used instead of the presented
algorithm. Also, any other equation of state can be used in the
presented flash calculation algorithm without the requirement
of major changes in the simulator. Therefore, the complicated
fluid behavior of an in-situ combustion process can bemodeled
using suitable equations of state.
Although an in-situ combustion process is quite an old EOR
process, simulation of this process is a developing area yet. Dif-
ferent models for reactions and heat conduction through reser-
voirs are developed every day. Therefore, a simulator capable of
using different models is a very helpful tool in developing nu-
mericalmodels for sub processes of the in-situ combustion pro-
cess. Numericalmodels for in-situ combustion can be examined
easily using the presented simulator. This generality is obtained
through the separation of fluid equilibrium calculations from
equations and separation of different parts of equations. The re-
sults of the presented simulators show pretty good agreement
with available data in literature.
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